Glycosyltransferases
ESTs (blast p-values <10 Ϫ11 ).
The two most conserved regions of all three subfamilies FNG, BRN, and Lex1 (motif 3 and 4 in Figure 1 ) are also the major hallmarks of the putative glycosyltransferPattern formation during development requires the regase superfamily (a more precise prediction of the subulated expression of numerous signaling molecules.
strate specificity is not possible given the limited seOne of these, Drosophila Fringe (FNG) is a novel sequence similarity between the subfamilies; Paulson and creted protein with a key role in dorsal-ventral aspects of Colley, 1989) . In the context of an enzymatic function it wing formation (Irvine and Wieschaus, 1994) . Recently, has to be noted that only negatively charged amino multiple functions have been assumed for a Xenopus acids are invariant, thus pointing to catalytic residues homologue (lunatic Fringe, lFNG) including the induction similar to those in characterized glycosyltransferase of mesoderm; a complex expression pattern supports families (Saxena et al., 1995; Strokopytov et al., 1995; this notion (Wu et al., 1996) . Qian et al., 1994) . This is supported by secondary strucComplex and general functions of Fringe-like proteins ture predictions (Rost et al., 1994) that are consistent are also indicated by the presence of two divergent C.
around all conserved regions ( Figure 1 ) and that predict elegans and at least six human homologues identifiable the conserved negatively charged residues to be located by sequence database searches (Figure caption) . Thus, in exposed loops indicating a catalytic role. The alternatconservation patterns within the FNG family emerge that ing arrangement of ␣-helices and ␤ strands suggest an allow the use of sensitive motif and profile searches (for ␣/␤ folding type for the central portion of each subfamily, details see Bork and Gibson, 1996) . Indeed, we found similar to that of other glycosyltransferases (Strokopysignificant similarities of FNG-like proteins to Drosophila tov et al., 1995; Qian et al., 1994; Saxena et al., 1995) . Brainiac (BRN; Goode et al., 1996) and, surprisingly, also
The conclusion that signaling molecules involved in to the Lex1 family of biosynthetic galactosyltransferases pattern formation such as Fringe and Brainiac, may be ( Figure 1) . secreted glycosyltransferases might come as a surprise, BRN has been proposed to be required for proper but is not completely unexpected: i) Glycosyltransfercontact or adhesion between germline and follicle cells ases have been implicated in developmental processes (Goode et al., 1992 (Goode et al., ,1996 . BRN and FNG share several for a long time (Shur, 1977a,b) ; ii) many extracellular, features: i) they are developmentally regulated, secreted highly expressed glycosyltransferases have been shown signaling molecules without known receptors, ii) they to exist in humans (Lammers and Jamieson, 1988; Fujitaare required during (dorso-ventral) epithelial patterning Yamaguchi and Yoshida, 1981) ; iii) the expression of (Irvine and Wieschaus, 1994; Wu et al., 1996; secreted glycosyltransferases increases during embryal., 1996), iii) they interact genetically with the Notch onic development (Cho et al., 1996) ; iv) the extracellular and/or EGF receptor pathways (Kim et al., 1995; Goode carbohydrate moieties change during development et al., 1996) , suggesting that they might modify the sig- (Masteller et al., 1995) as a function of the expressed naling mediated by these receptors, and iv) FNG and glycosyltransferases (Kukowska-Latallo et al., 1990); BRN both have at least two C. elegans and several and v) transmembrane galactosyltransferases have human homologues suggesting the presence of multigene families (Figure 1) . been shown to transmit intracellular signals after binding substrates via their extracellular part (Gong et al., 1995) . Lex1 of Haemophilus influenzae is essential for the biosynthesis of its extracellular lipooligosaccharides Secreted glycosyltransferases may use their ability to recognize specific carbohydrate moieties on cell surface (LOS) (Cope et al., 1991) as is its homologue in another parasitic bacterium, Pasteurella haemolytica (Potter and molecules to trigger particular receptors (Shur, 1993) , but they might also play a crucial role in epithelial pattern Lo, 1995). In two other parasites with a similar LOS architecture, Neisseria meningitidis and Neisseria ghoformation by modifying these carbohydrate moieties at particular locations recognizable by various carbohynorrhoeae, two highly related proteins of the Lex1 family have been independently characterized in each organdrate-binding domains of extracellular proteins. Numerous distinct ESTs from multicellular organisms including ism as galactosyltransferases (Gotschlich, 1994; Jennings et al., 1995) that add galactose to glucose or Arabidopsis (no match was found in yeast or other completely sequenced unicellular genomes) suggest a vast N-acetylglucosamine residues of the LOS (Jennings et al., 1995) . The LOS of all these parasitic bacteria contain superfamily of glycosyltransferases that might belong to a system of posttranslational modification independent epitopes that are antigenically and structurally very similar to carbohydrates present in human glycosphingofrom the Golgi apparatus. The carbohydrate status of the cell during development might even be a function lipids; the parasites are thus able to mimic the latter (Mandrell et al., 1992) . Furthermore, the bacterial galacof neighboring cells and not only of its own expression set of glycosyltransferases. tosyltransferases are significantly similar (blast (Altschul First four columns: gene names, species, accession numbers, position of the motifs in the respective sequence. The numbers in angle brackets between the 5 aligned motifs indicate the number of residues that are not displayed. Amino acids conserved in at least 60% of the sequences are highlighted; hydrophobic residues conserved in at least 85% of the sequences are given in bold. The consensus line summarises residue properties conserved in at least 75% of all sequences (t -turn-like or polar, h -hydrophobic, s -small, a -aromatic). Secondary structures predicted (Rost et al., 1994) independently for each of the three subfamilies (E/e -strand, H/h -helix with 81%/72% expected accuracy) are given beneath the alignment. A region of 44 residues has been removed from the C. elegans U64858 sequence as it is very likely an artificially translated intron because of the presence of splice sites and similarity to an intronic region in Z35641. U64858 has been elongated due to exons detected upstream. The N-terminal regions of the FNG and BRN subfamilies that preceed the alignment with the Lex1 family are divergent and have been proposed to be a propeptide for the fringe subfamily (Wu et al., 1996) . All eukaryotic, but also some prokaryotic sequences contain leader peptides. Starting point for the iterative database searches (for details of the strategy see Bork and Gibson, 1996) was FNG. Blastp searches revealed two C. elegans homologues with blastp values p Ͻ 10
Ϫ4
; a multiple alignment generated by MACAW (Schuler et al., 1991) identifies several significantly similar regions with p Ͻ 10
Ϫ50
. The two most conserved regions (motif 3 and 4) of the extended FNG family were then subjected to iterative MoST searches (Tatusov et al., 1994) . Using the restrictive ratio of observed versus expected hits r ϭ 0.005, motif 3 matched only BRN with p ϭ 0.022 (as derived from the expected number of false positives E ϭ 0.023 calculated using the MoST program). The majority of the Lex1 subfamily has been identifed using motif 4 (p values down to 0.002 using the threshold r ϭ 0.05) without false positives. Members of all three subfamilies were then aligned using MACAW (Schuler et al., 1991) which reidentified the conserved motifs 3 and 4 with significant p values (Ͻ10
). All other motifs have significant MACAW p values for more than one subfamily. This was confirmed by Blastp and MoST searches with all motifs excluding motif 3. Nevertheless, support for correct alignment of motif 1 of the Lex1 family and motif 2 of the BRN comes mostly from the secondary structure context. Numerous ESTs (e.g. hL1, hB1, hB2, hF3) were detected by tblastn searches suggesting a high expression rate. Each individual EST was aligned with the protein families using a dynamic programming algorythm as implemented in PAIRWISE (Birney et al., 1996) . Overlapping ESTs were merged. Four Arabidopsis thaliana ESTs were identified as belonging to the superfamily (H36894, H37262, Z37212, Z34632). In addition to the hF1 and hF2 ESTs found by (Wu et al., 1996) , N47633, R65917, Z45166, and the merged R65818/H87611/N51686/H55274 appear to be independent fragments similar to distinct members of the Fringe subfamily (probability for chance matches p 
Ϫ10
, respectively (using the PAM150 amino acid similarity matrix). 
